Respiratory heme-copper oxidases are integral membrane proteins that catalyze the reduction of molecular oxygen to water using electrons donated by either quinol (quinol oxidases) or cytochrome c (cytochrome c oxidases, CcOs). Even though the X-ray crystal structures of several heme-copper oxidases and results from functional studies have provided significant insights into the mechanisms of O 2 -reduction and, electron and proton transfer, the design of the proton-pumping machinery is not known. Here, we summarize the current knowledge on the identity of the structural elements involved in proton transfer in CcO. Furthermore, we discuss the order and timing of electron-transfer reactions in CcO during O 2 reduction and how these reactions might be energetically coupled to proton pumping across the membrane.
Introduction
The heme-copper oxidases are found in the inner mitochondrial membrane in eukaryotes or in the bacterial cytoplasmic membrane. In cytochrome c oxidase (CcO), the electrons are donated from the inter-membrane space (or periplasmic side in bacteria), while the protons are taken up from the inside of the membrane (mitochondrial matrix or the cytosol in bacteria). Therefore, the reaction catalyzed by the CcOs results in a charge separation across the membrane corresponding to movement of one positive charge across the membrane per electron transferred to O 2 . In addition, in many respiratory oxidases, for each electron transferred to oxygen, an average of one proton is pumped through the enzyme ( [1] , see also [2] ) such that the overall reaction catalyzed by CcO is:
where the subscripts "s" and "p" denote substrate (used for water formation) and pumped protons, respectively, and "in" and "out" denote the inner mitochondrial matrix (or the cytosol in bacteria) and the inter-membrane (periplasmic) space, respectively. The energy conservation in CcO requires a tight coupling between the transfer of electrons and substrate protons to the catalytic site, and the uptake and release of protons that are pumped across the membrane. In this paper we first describe the structure and catalytic cycle of CcO and then discuss in more detail results that provide insights into the mechanism by which the enzyme controls the timing and direction of the internal electron and proton-transfer reactions.
Among the most widely studied CcOs are cytochromes aa 3 from bovine heart mitochondria, and from the bacteria Rhodobacter (R.) sphaeroides and Paracoccus (P.) denitrificans. While the mitochondrial enzyme consists of 13 subunits [3, 4] , these bacterial enzymes are composed of four subunits [5, 6] . The sequence similarity of the catalytic core consisting of subunits I-III between the bacterial enzymes and the corresponding subunits in the bovine heart enzyme is very high [7] [8] [9] [10] , and about 50% of the amino-acid residues are identical (for a description of hemecopper oxidases from different organisms as well as evolutionary aspects, see [11] [12] [13] [14] ).
Even though the minimal functional unit (i.e. oxygen reducing and proton pumping) consists of only subunits I and II ( [15, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , see also [19] ), during the enzyme turnover, the two-subunit enzyme is irreversibly inactivated ("suicide inactivation"), which indicates that subunit III is required for maintaining the structural integrity of the redox-active sites ( [20] , see also [17] ). In addition, subunit III has also been suggested to participate in channeling oxygen to the binuclear site [21, 22] .
Structure
The crystal structures of CcO (cytochrome aa 3 ) from bovine heart [3, 4, 23] and from the bacterium P. denitrificans [5, 24] were first presented in 1995. In the following years threedimensional structures of cytochrome ba 3 from Thermus (T.) thermophilus [25] , cytochrome bo 3 from E. coli [26] , and CcO from R. sphaeroides [6] were presented.
The four-subunit R. sphaeroides CcO, which is primarily discussed in this paper, has a total molecular weight of ∼130 kDa. Three of the redox-active cofactors, hemes a and a 3 (hence the name cytochrome aa 3 ) and copper B (Cu B ) are found in subunit I while the fourth cofactor, copper A (Cu A ), is found in subunit II. Subunit I consists of 12 membrane-spanning segments that are largely helical in their secondary structure (Fig. 1a) . The iron of heme a has two axial histidine ligands while the heme a 3 iron has only one axial histidine ligand and the sixth position is used to bind external ligands such as O 2 . The Cu B ion, with three histidine ligands, is 4.6 Å away from the heme a 3 iron in the oxidized enzyme. Subunit II has two transmembrane helices, anchoring the subunit in the membrane, and it holds the dinuclear Cu A center in its hydrophilic globular domain. The two copper ions form a mixed-valence {Cu(1.5)-Cu(1.5)} complex [27, 28] and act together as a one-electron donor or acceptor. Subunit III is composed of seven transmembrane helices, arranged in two bundles separated by a large V-shaped cleft. Subunit IV consists only of one transmembrane helix, and its function is unknown.
Proton-transfer pathways
Because CcO is a transmembrane protein, its function as a proton pump requires proton pathways spanning the entire thickness of the membrane. In addition, the location of the oxygen-binding catalytic site in the membrane-spanning part of the protein, about 35 Å from the proton-input (N) side of the membrane, requires pathways for transfer of substrate protons to the catalytic site. As for many other oxidases, in the R. sphaeroides CcO structure, two proton-transfer pathways, the D-and K-pathways, connect the N-side solution with the catalytic site [5, 6, 29] (Fig. 1b) . The output part of the pathway for pumped protons (above the level of hemes a and a 3 ) is not apparent from an analysis of the X-ray structures. However, results from experimental and theoretical calculations indicate that the pathway extends via the region including residues Arg 481 and 482, interacting with the heme propionates [5, [30] [31] [32] [33] [34] [35] [36] [37] [38] . Analyses of the CcO crystal structures suggest that the region above the The redox-active cofactors of CcO and the D and K proton-transfer pathways used for uptake of substrate and pumped protons (red lines). The protons to be pumped are presumably transferred to or through the heme propionates. The proton output pathway is not known and it is only shown schematically as a dashed line. The red spheres are water molecules resolved in the X-ray crystal structure. Electrons are donated from cytochrome c, first to Cu A and then sequentially to heme a and to the catalytic site consisting of heme a 3 and Cu B (blue line).
heme propionates at the interface between subunits I and II contains many water molecules, so that proton transfer beyond the propionates may take a large number of alternative routes. There is also a magnesium ion (or manganese) bound in this region, which may have a structural role and also participate in the proton release [39] [40] [41] [42] [43] [44] .
The D-pathway
The D-pathway starts at the N-side surface at a functionally important and highly conserved aspartate residue, Asp132 [45] [46] [47] . It continues, through a hydrogen-bonded chain consisting of about ten ordered water molecules and polar residues, to another highly conserved and essential residue Glu286, which is located ∼24 Å from Asp132 (Fig. 1b) . This arrangement of protonatable aminoacid residues and water molecules provides a Grotthuss-type proton-transfer pathway through the membrane-spanning part of the protein. The D-pathway is used for the transfer of both substrate and pumped protons (see below), and the proton-transfer reaction has been investigated in detail using theoretical tools [37, 48, 49] . A possible branching point from where protons are transferred either to the catalytic site (substrate protons) or towards the heme propionates (pumped protons) is located at Glu286 [5, 31, [49] [50] [51] . Even though the X-ray crystal structures do not show any water molecules that would conduct the protons beyond Glu286, results from theoretical calculations indicate that two chains of disordered water molecules, not resolved in the structure, connect Glu286 with the catalytic site and an acceptor of pumped protons, respectively [36, [52] [53] [54] [55] . The bi-directional proton transfer to either one of the two sites could be assisted by conformational changes of the Glu286 side chain during catalytic turnover [5, 6, 50, 54] , or through changes in the water structure [36, 55] .
The K-pathway
The K-pathway starts presumably at residue Glu 101 in subunit II [33, [56] [57] [58] , and continues through a highly-conserved lysine residue, Lys362 [59, 60] , in the middle of the pathway (Fig.  1b) , via Thr 359 and the hydroxyl group of heme a 3 to a tyrosine residue Tyr288, close to the oxygen-binding catalytic site. In the R. sphaeroides structural model there is one water molecule between Thr359 and the heme a 3 hydroxyl. The K-pathway is not hydrogen-bonded all the way through without assuming bridging water molecules that are unresolved in the X-ray crystal structure [61] . Alternatively, the lysine side-chain might move in order to provide proton connectivity between the lower and upper parts of the K-pathway [50, 62] .
H-pathway
A third pathway for pumped protons was suggested on the basis of structural analysis and mutagenesis experiments in the mitochondrial CcO [3, 23, 63, 64] . The pathway is called the Hpathway after a partially conserved histidine, His456, in the R. sphaeroides CcO [65] (or E-pathway for the P. denitrificans enzyme, [24] ). The H-pathway overlaps partly with the D-pathway described above, but instead of leading to Glu286, it continues through polar residues further away from the catalytic site, to the output side. The H-pathway is probably not functionally important in the prokaryotic oxidases [29, [65] [66] [67] and one may speculate [64] that there could be different mechanisms and pathways for proton pumping in the mitochondrial and bacterial oxidases.
Catalytic cycle
During catalytic turnover, electrons are donated first to Cu A and are then transferred consecutively to heme a and to the catalytic site consisting of heme a 3 and Cu B . The turnover activity of the R. sphaeroides CcO is ∼1600 electrons/s at pH 6.5 [10] . Spectroscopic and chemical studies have provided a reasonably clear picture of the mechanism by which O 2 is reduced to 2 H 2 O during the catalytic cycle. We will describe the catalytic cycle (Fig. 2) referring to the different redox states of the catalytic site. The remaining two redox centers, heme a and Cu A , are not engaged directly in the oxygen chemistry and provide the pathway for electrons to reach the catalytic site. The reaction with O 2 requires that the catalytic site be reduced by two electrons, i.e., with the catalytic site in the heme a 3 (Fe 2+ )/Cu B + state, which we refer to as the R (reduced) state. After O 2 binds to ferrous heme a 3 forming the "A" state ( Fig. 2) , the O\O bond is broken in a concerted reaction. To break the O\O bond, four electrons and at least one proton is required. Two of the electrons are donated by the heme a 3 iron (forming the ferryl state, Fe 4+ ) and one from Cu B (which is oxidized to form Cu B 2+ ). The source of the additional electron depends on whether heme a is oxidized (i), the long route around the circle in Fig. 2 , or reduced (ii), the path through P R , when O 2 binds to the reduced catalytic site.
(i) If heme a is oxidized when O 2 reacts with the R state of the catalytic site, then the reaction proceeds by oxidizing a nearby amino acid, tentatively identified as Tyr288, which also provides a proton [29, 68, 69] . This is shown in Fig. 2 This reaction (Equation (1)) has a time constant of ∼300 μs. Note that one oxygen atom is bound to the heme iron and one oxygen atom is associated with Cu B . This reaction is a rapid 4-electron reduction of O 2 , bypassing any formation of toxic reactive oxygen species (superoxide, peroxide, hydroxide radical) (see [68] ). Even though the Fe 4+ _O 2− state and Tyr radical that are formed at the catalytic site are reactive, they are bound to the CcO and are not released. Note that the formation of P M just rearranges electrons and protons that are already present at the catalytic site and does not require any additional proton or electron input.
The concerted four-electron reduction of O 2 creates a high chemical potential, which is utilized to pump protons across the membrane during each of the following four electron transfer steps, accompanied by the uptake of four substrate protons, which takes the catalytic site back to the R state (blue arrows Fig. 2 ).
The P M state has a very high midpoint potential and it is readily reduced. Transfer of an electron into the catalytic site in state P M , provided from cytochrome c→ Cu A →heme a, probably results in reduction of the Tyr288 radical. Electron transfer to the catalytic site is coupled to a series of proton transfers which is thought to be the same every time an electron is transferred to the catalytic site in the reaction cycle [70, 71] : two protons are taken up from the N-side of the protein and one is released from the P-side. One of the protons taken up goes to the catalytic site (substrate proton) and the other proton is pumped.
The state of the catalytic site formed by the reduction of P M is denoted F. Transfer of an additional electron to the catalytic site is again coupled to the uptake of two protons and the release of one pumped proton. This process results in the formation of the oxidized catalytic site, denoted O H where the subscript denotes an activated "high-potential" state in which it is postulated that Cu B has a very high electrochemical potential [71] [72] [73] . The next two electron transfer reactions convert the O H state to the E state (Cu B reduced) and, further to the R state (heme a 3 and Cu B both reduced). Each of these steps is also thought to be coupled to the uptake of two protons and release of one proton [70, 71] . However, little is known about the nature of the activated O H state, or the O H → E and E → R steps of the reaction. For the purposes of this discussion it is assumed that each of the electron transfer steps to the catalytic site, O H → E, E → R, P M → F and F → O H , is associated with proton pumping by the same mechanism, but much more needs to be done experimentally to test this assumption.
(ii) If heme a is reduced when O 2 reacts with the R state of the catalytic site, then the electron required to break the O\O bond is taken from heme a and not from Tyr288 (Fig. 2 , pathway via P R ). This is the situation when the fully reduced (all four redox centers are reduced) enzyme is reacted with O 2 in the "flow-flash" reaction commonly used to study the oxidase catalysis (for review, see [74, 75] ). The intermediate that is observed is called the P R state of the enzyme, which is spectroscopically (UV-vis) identical to P M ( [76] , but see [77] ), but presumably has a tyrosinate instead of a tyrosine radical at the catalytic site. The electron transfer from heme a to the catalytic site takes about 30-50 μs. After this electron transfer one proton is transferred to the catalytic site, which is observed spectroscopically as the P R → F transition. In addition, the P R → F transition is linked to proton pumping, i.e. in this process two protons taken up from the N-side and one proton released on the P-side [78] [79] [80] , but these proton transfer reactions take place with a time constant of 100-200 μs, i.e. after the electron transfer from heme a to the catalytic site (Fig. 2) . The clear separation for the A → P R and P R → F steps provides an experimental opportunity to examine the electron transfer (A → P R ) and proton transfer (P R → F) events separately (see below).
In the next transition, F → O H , which is observed as part of the reaction of the fully reduced enzyme with O 2 , the electron which was originally residing on Cu A is transferred to the catalytic site (4th electron), forming the O H state of the enzyme, as described above. The F → O H transition takes about 1 ms (see e.g. [81] ), and the electron and proton transfers are not clearly separable (Fig. 2) . Note that in the reaction of the fully reduced enzyme with O 2 there are only two steps that are linked to proton pumping, P R → F and F → O H [78, 80] . If additional reductant is provided to allow the O H → E and E → R steps, then two additional protons are pumped and the enzyme is returned to the R state [70, 71, 73] .
Proton-transfer reactions
As stated above, each of the electron-transfer reactions during the catalytic cycle is thought to be coupled to a similar set of proton-transfer reactions. During the (P M ) P R → F and the F → O H transitions, all the protons are taken up through the Dpathway [82] [83] [84] . For both the O H → E and presumably also for the E → R transitions, it appears that the substrate protons are delivered to the catalytic site through the K-pathway [82, [84] [85] [86] [87] . Since much more is known about the P R → F and the F → O H transitions, the proton transfers associated with these transitions will be discussed. These proton transfer steps are shown schematically in Fig. 3 . Although the elementary steps of proton transfers are the same for these two transitions, the chemistry is distinct and, in consequence, there are differences in rates of reaction, the rate-limiting steps and even, possibly, the order of events. Moreover, the solvent deuterium kinetic isotope effects (KIE) [51, 88, 89] and activation energies are different for the P R → F and F → O transitions. A comparison of the specific reaction steps of these transitions provides important mechanistic insights into the function of CcO and the mechanism of proton pumping. Below, the sequence of the proton-transfer reactions is outlined and discussed in detail.
Proton uptake
(i) Protonation of Asp132, at the entrance of the D-pathway, from the bulk medium on the N-side of the protein: The rate of proton transfer from the bulk solution to the protonatable groups on the protein surface near the entrance of the D-pathway is presumably diffusion limited and designated in Fig. 3 as k diff . These groups form a proton-collecting antenna [90] [91] [92] thereby enhancing the protonation rate of Asp132 (discussed in more detail below).
Intramolecular proton transfers
(ii) Proton transfer from Asp132 to Glu286 at the "top" of the D-pathway: This step must occur twice during each transition, once for the substrate proton and once for the "pumped proton". The rate constants for the pumped and substrate proton transfers to refill Glu286 are designated k p,2 and k s,2 (Fig. 3) .
(iii) Proton transfer from Glu286 to the catalytic site (substrate protons), indicated as k s,1 .
(iv) Proton transfer from Glu286 to a proton acceptor (PE, "pumping element") in the "exit channel" (pumped proton), designated as k p,1 : One candidate for the initial proton-accepting group is the D-ring propionate of heme a 3 .
Proton release
(v) Proton release from the exit channel to the bulk medium on the P-side of the protein, designated k rel .
The P R → F transition
A schematic of the free energy changes during the transition A → P R → F is shown in Fig. 4a . The P R → F transition (τ ≅ 100 μs), which is linked to proton pumping, involves proton transfer without simultaneous electron transfer. The electron transfer (τ = 30-50 μs) resulting in the formation of P R precedes the proton transfer. Hence, an investigation of the P R → F transition provides detailed information about the sequence of proton-transfer reactions during a pumping cycle. The results from kinetic studies indicate that proton transfer from solution to the catalytic site involves transient deprotonation of Glu286 (see Fig. 1b ). The residue is in rapid proton equilibrium with the bulk solution and the observed P R → F rate (k PF ) is determined by the fraction of protonated Glu286 (α(EH)) multiplied by the proton-transfer rate from Glu286 to the catalytic site, k H , which has a value of about 10 4 s −1
(τ = 100 μs). This proton transfer determines the maximum rate of the P R → F transition, which can be described by a simple Henderson-Hasselbalch equation with a single titratable group with a pK a of 9.4:
If proton uptake through the D-pathway is blocked near the protein surface, for example by replacement of Asp132 (see Fig. 1b ) by a non-protonatable residue, the F intermediate is still formed, but the proton needed for the P R → F transition to take place is transferred internally from Glu286 (also with a time constant of ∼100 μs), leaving the residue transiently deprotonated.
Because the P R → F transition is associated with proton pumping, it involves the uptake of two protons from the N-side and release of one proton to the P-side of the membrane, and is not simply the proton transfer from Glu286 to the catalytic site. A comparison of the proton uptake and release rates in CcO reconstituted in lipid vesicles in H 2 O and D 2 O, respectively, showed that in the reaction of the fully reduced enzyme with O 2 , proton uptake displays a KIE of ∼2 while the proton release displays a KIE of ∼7 [93] . Hence, in D 2 O, the uptake of two protons occurs first, and only afterwards is the release of one proton observed (see Fig. 5 ) [93] . Using the schematic illustration in Fig. 3 , in D 2 O k s,1 , k s,2 , k p,1 and k p,2 are larger than k rel . There must be two protonatable sites available prior to proton release. One proton vacancy is certainly created by the chemistry at the catalytic site (k s,1 followed by k s,2 ), and the second presumably reflects a proton acceptor, connected to the exit channel (k p,1 followed by k p,2 ), whose pK a has been transiently increased.
Recently, time-resolved electrical measurements have shown that there is some charge movement across the membrane associated with the A → P R transition, i.e. before any proton uptake or release from/to solution [94] . The interpretation is that this represents proton transfer from Glu286 to the exit channel proton acceptor (k p,1 in Fig. 3 ), coincident in time with the electron transfer from heme a to the catalytic site. Presumably, this is then followed by the uptake of two protons, and then by the proton release step.
The F → O H transition
Whereas the P R → F transition occurs at τ ≅ 100 μs, the F → O H transition is much slower, τ ≅ 1 ms. This is presumably because, in addition to the same series of proton-transfer reactions as discussed above for the P R → F transition, the F → O H transition also includes the electron transfer to the catalytic site [95] . Thus, in contrast to the A → P R → F sequence, in which electron transfer clearly precedes proton transfer, electron transfer to the F state does not proceed to any measurable extent prior to the coupled proton transfer. Consequently, there is no accumulation of an intermediate form of F, which is reduced (equivalent to P R ) prior to the proton transfer to the catalytic site. We can postulate that this species (F R ) likely forms but is not stable relative to F and, therefore, never observable. In analogy with Equation 3 above, the rate of the F → O H transition is determined by the fraction of protonated Glu286 (α(EH)) multiplied by the proton-transfer rate from Glu286 to the catalytic site, k H , (10 4 s −1 ) and the fraction F R , γ(F R ) [95] :
This situation is schematically shown in Fig. 4b . The observed rate of proton transfer to the catalytic site (formally F R → O H ) is dependent on the amount of F R that is formed and, since this is never present in large amount, the observed rate of formation of O H is slow (∼1 ms). Evidently, the A/P R redox couple has a higher electrochemical midpoint potential than F/F R as indicated in Fig. 4 . This is plausible since the chemistry occurring at the catalytic site during these two reactions is quite different. In the case of A → P R , the electron reduces O 2 as the O\O bond is split. During the postulated electron transfer reaction F → F R , the ferryl heme a 3 (Fe 4+ _O 2− ) is reduced to ferric heme a 3 (Fe 3+ O 2− ), which is not expected to be a stable species without the proton to convert the O 2− to HO − (see Fig. 4b ). Not surprisingly, the Fig. 2 ). PE is a "pumping element", which controls the uptake and release of the pumped protons. E is Glu286 and CS is the catalytic site. Redox sites in green are reduced (in the P R state the catalytic site has excess electrons). activation energy of the P R → F and F → O H transitions are different (see Fig. 6 ) (see also [96] ). The amount of the putative F R that is formed can be decreased by increasing the midpoint potential of Cu A , which is accomplished by the Met263Leu mutation in subunit II of the oxidase [97] . Since the rate of the F → O H transition depends on the concentration of F R , the effect of this mutation is to slow the F → O H rate by 100-fold [98] . During the F → O H transition both the electron and substrate proton transfer to the catalytic site, as well as the uptake of pumped protons, all display the same, large KIE of ∼7 (measured in the reaction of the fully reduced enzyme with O 2 ) [88, 89, 93, 99] . Comparison with the data from the P R → F transition in which the proton release step is identified as having a KIE ∼ 7, suggests that the rate-limiting step of the F → O H transition is the release of the pumped proton (see Fig 5) . In the Met263Leu (subunit II) mutant CcO, in which the rate of the F → O H transition is slowed by 100-fold, the KIE of the transition is 7, as in the wild type CcO, and proton-pumping stoichiometry is normal despite the slow rate. Presumably, the rate is still limited by the proton release [51, 93] .
If, on the other side, proton uptake from solution into the D pathway is slowed by introduction of a mutation, proton pumping becomes uncoupled from O 2 reduction [46] . This situation is observed, for example, in the Asp132Asn mutant CcO where proton uptake into the D-pathway is slowed by a factor of ∼1000 to ∼1 s −1 [100] . Presumably, in this case the initial deprotonation of Glu286 to form state F leaves the residue in an unprotonated state such that transfer of the pumped proton is not possible. Interestingly, in the Asp132Asn mutant CcO the KIE of the F → O H transition rate is ∼1 (unpublished results), which further supports the conclusion that the large KIE of ∼7 in the wild-type CcO is associated with transfer of the pumped proton.
It is also possible to block proton uptake into the D-pathway of the bovine oxidase by treating the purified enzyme in such a way as to convert the dimeric enzyme to monomers. The reason why proton uptake is influenced by this treatment is not known, but the phenomenon is clear at high pH. The F → O H transition was studied by photoreduction using the monomeric bovine oxidase at alkaline pH [101, 102] . Remarkably, a proton release is clearly observed coincident with the electron transfer to the catalytic site, and the proton uptake is substantially delayed. One must conclude that, at the very least, there are two internal protons available within the monomeric bovine CcO in order to explain proton release and proton delivery to the active site occurring prior to proton uptake. Possibly, in the monomeric enzyme, the equivalent to Asp132 at the entrance of the Dpathway (see Fig. 3 ) is stabilized in a protonated state and the rate of proton transfer from bulk solution to the D-pathway is slow. In this case, Asp132 could readily provide a proton to Glu286, but proton uptake from solution via Asp132 is delayed. In this case, and in contrast to the observation of the P R → F transition, proton release can occur prior to proton uptake from solution.
The order and timing of proton-transfer reactions in CcO have also been investigated through time-resolved electrical measurements, which are used to examine the movement of charges across the membrane during the catalytic cycle and, specifically, for the F → O H transition. This is studied by preparing the F state by reacting CcO with hydrogen peroxide, and then injecting one electron into the enzyme using a Ru complex [103] . The data show that proton movements across the membrane bilayer occur in two phases with time constants of ∼0.5 ms and ∼1.5 ms. By comparing the data for the wild type R. sphaeroides CcO and a mutant which does not pump protons, it was shown that the first of the phases is due to proton movements associated with the pumping mechanism, and this phase is not observed when there is no proton pumping [104] . Presumably, the first event corresponds to proton transfer from Glu286 to the exit channel. The second (1.5 ms) phase may correspond to the transfer of the proton to the catalytic site, reprotonation of Glu286 and finally release of the proton from the exit channel.
Proton uptake at the surface
At pH 7 CcO is able to transfer up to ∼1500 electrons s −1 . At this maximum rate, on the average more than 2200 protons s −1 (at least 6 out of the 8 protons per turnover, see above) are transferred through the D-pathway, which corresponds approximately to the diffusion limit for protons in water (4·10 10 M −1 s −1 ×10 −7 M protons = 4000 s −1 , at pH 7). Much faster rates are observed for the specific reaction steps where, for example, during the P R → F transition the proton-uptake rate constant is ∼10 4 s −1 up to pH 8.5 [105] , which gives an apparent second-order rate constant of
Furthermore, an analysis of these data indicated that proton transfer within the D-pathway from Asp132 to Glu286, k s,2 (and presumably also k p,2 , see Fig. 3 ) is even faster than 10 4 s −1 [105] and not rate limiting for proton uptake to the catalytic site. Rapid proton delivery to the entrance of the D- pathway has been speculated to be facilitated by a protoncollecting antenna composed of protonatable groups surrounding the orifice of a proton pathway [90] , schematically illustrated in Fig. 3 . Some of the components of this antenna are most likely located at SU III, which extends to the area around Asp132 at SU I [106] .
Energetics of the proton pump
Cytochrome c oxidase is capable of operating against a membrane potential of about +220 mV in active mitochondria. The work potential from the overall reaction (4 cyt c 2+ + 4H + + O 2 → 4 cyt c 3+ + 2H 2 O), which is once around the catalytic cycle (Fig. 2) , is about −2200 mV. Hence, the work performed by CcO when moving charges against the membrane electric potential accounts for 8 × +220 mV = +1760 mV, i.e. ∼80% efficiency. The step during which O 2 binds to the reduced catalytic site (producing the A state; see Fig. 2 ) and reacts to form the initial product, P M , is not coupled to proton pumping or any charge translocation across the membrane [78, 80] . Presumably, this reaction proceeds without dissipating much of the work potential that is needed in the subsequent four electron transfer steps [69] , O H → E , E→ R, P M /P R → F and F → O H . One might expect that the free energy available to do work is distributed approximately evenly among the four electron-transfer steps of the catalytic cycle [72] . The freeenergy changes for these individual steps are not known, but in Fig. 7 (left side) a schematic free energy diagram is shown for the steps in the reaction cycle (Fig. 2) (iso-energetic assumption).
Anaerobic electrochemical titrations can, in principle, be used to measure the work potential of the two steps prior to the reaction with O 2 , namely O → E and E → R, where we refer now to the form of the oxidized enzyme prepared in the laboratory under equilibrium conditions (i.e., not during turnover) as "O" without the subscript "H". The electron transfer from cytochrome c to the catalytic site (either O → E or E → R) yields no more than about − 100 mV change in free energy [72] , far less than required to drive two charges across the membrane against the operating membrane potential (2 × 220 mV = +440 mV) (See Fig. 7, right side) . Indeed, the R state, with the two-electron reduced heme a 3 /Cu B center is not more stable than having the state with the two electrons on heme a and Cu B [107] . This is the reason why it has been postulated that the form of the oxidized enzyme that is present during steady state turnover is somehow different and may have midpoint potentials for the metals in the catalytic site that are much higher than measured under equilibrium conditions [71] [72] [73] . Presumably, the high potential form of the oxidized enzyme, O H , is unstable and, unless an electron is transferred to the catalytic site quickly after the formation of O H , the free energy is dissipated as heat (O H → O). This classifies CcO as a hysteric enzyme, i.e. its properties are dependent upon its history, e.g., the length of time after oxidation by O 2 before the next electron is delivered to the catalytic site. Indeed, there is considerable evidence that the catalytic site of the oxidized enzyme can be prepared in different forms with very distinct behavior [108] , though the chemical explanation is not clear. These various enzyme forms have been referred to as "resting" (or slow) versus "pulsed" (or fast) [109] . Presumably, the The starting point is the two-electron reduced form of the enzyme, R, which reacts to form intermediate P M . This is then reduced by four electrons to bring the system back to the R state. In the scheme on the right, it is assumed that most of the free energy is expended in the P M → F and the F → O steps. The O → E and E → R transitions are not sufficiently energy yielding to drive proton pumping. In such a scheme, each step could still be coupled to proton pumping, in principle, but the free energy from the P M → F and F → O steps would be needed to "pull" the less favored O → E and E → R transitions. In the scheme on the left it is assumed that the free energy drop is about equal for each of the four one-electron transfers to the catalytic site. Each step is independently associated with proton pumping against a proton motive force. putative activated form now postulated (O H ) is either equivalent to the pulsed enzyme or related to it in some manner.
Experimental work to demonstrate the existence of O H has not yielded consistent results. The Wikström laboratory has demonstrated that two protons are pumped across a vesicle membrane coincident with the two-electron reduction of the enzyme, but only if the reduction immediately follows the oxidation of the enzyme, O H → E → R [71, 73] . The same group has also used electrometric methods to show that electron injection into the recently oxidized enzyme (O H ) generates a voltage across the membrane that is similar to what has previously been observed with F → O [71] . The data were interpreted to demonstrate that each of the four electron transfer reactions drives the same amount of charge across the membrane, and that each step proceeds to essentially 100% formation of the product (O H → E, E → R, P M → F and F → O H ). Electrometric data have also been published by Michel and coworkers showing that the E → R transition is coupled to proton pumping [110] . The actual work potential for each step remains unknown in all these experiments. Obviously, the energetics of the CcO catalytic cycle is an area requiring further research to clarify these important aspects of how the enzyme operates under physiological conditions.
Summary
In this review, we have discussed the structural elements involved in proton transfer in CcO, as well as the order and timing of these reactions. During CcO turnover, electrons are delivered one-by-one to the catalytic site, and the data now suggest that each of these electron transfer events is mechanistically coupled to proton pumping. Proton pumping measurements in vitro are all performed without any electrochemical potential opposing the charge movement across the membrane, and it has not yet been demonstrated that each of the four steps has sufficient work potential to drive two charges across the membrane against a 220 mV potential. At this point it is a reasonable working hypothesis that each step involves the same sequence of events, resulting in proton pumping. The details of the chemistry occurring at the active site is not critical, and is different for each of the electron transfer reactions. The important property when considering proton pumping appears to be the driving force for electron transfer from heme a to the heme a 3 /Cu B catalytic site. The charge redistribution initiates a sequence of proton transfers. Conformational changes, such as might result from the deprotonation of Glu286, for example [111] , may play an important role, and is a promising research direction. The role of redistribution or reorientation of water may be another important factor defining the sequence of events, as appears to be the case in bacteriorhodopsin [112] . Future progress is likely to depend on improved time-resolved assays to reveal the structural changes that occur during a proton pumping transition such as the A → P R → F or F → O transition. Although progress has been substantial in the past several years, an understanding of how this pump operates and what makes it unidirectional still evades us. What are the proton acceptors in the "exit" pathway, and what is this pathway? Which steps are electrogenic? What are the pK a changes that occur and what determines the order of events during turnover? What is the nature of the proposed "high potential" O H state of the enzyme and what differentiates this structurally from the resting "O" state? These are just a few of the questions to be addressed, and it is very likely that answers will be forthcoming.
